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Abstract. Transmission electron microscopy (TEM) is commonly used to characterize materials with respect

to crystal structure, chemical composition, defect density and type, as well as other microstructural features.

Observation of bone from the Upper Jurassic sauropod dinosaur Seismosaurus using this technique, reveals a

unique bimodal crystallite structure which appears to have local preferred orientation. Most crystallites are

small oblong grains, averaging approximately 100 nm long and 20 nm wide; larger hexagonal crystallites are

also present, ranging from 80 to 400 nm in diameter. The larger crystallites are found near naturally occurring

canals and pores in the Seismosaurus bone. Electron diffraction and chemical analyses show that both the small

and large crystallites are composed of fluorapatite. Comparative analyses of Seismosaurus with modern
crocodile. Pleistocene mammoth, and Cretaceous theropod dinosaur bones show that younger fossil bone

microstructure is essentially unaltered; the older fossil bones share a unique crystalline microstructure in which

original and diagenetic apatite is intermixed.

Bone is an abundant and important component of the fossil record. Historically, research on the

changes that occur in bone with burial and time has focused on mineralogy and histology, which

relate to fluorine dating, diagenetic, and palaeoecological studies. This work has led to recognition

of some general aspects of bone fossilization, including: (1) alteration of original bone apatite,

generally carbonate hydroxyapatite (Ca
5
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2 ) to carbonate fluorapatite
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2 ); (2) selective isomorphous substitution of certain elements (e.g. fluorine,

uranium, rare earth elements) and the loss of others (e.g. nitrogen) from bone mineral; (3) the

gradual loss of organic matter from bone matrix; and (4) the introduction of new mineral phases

into pores and interstices left vacant by the removal of organic material. It has been known for more
than a century that much, if not most, fossil bone is composed of either carbonate hydroxyapatite

or its isostructural counterpart, carbonate fluorapatite (Middleton 1844; Carnot 1893). However,
it is not known whether fossil bone apatite is original material or recrystallized.

Along with mineralogy, the crystalline ultrastructure of fossil bone is a key to understanding how
and to what extent the fossils are changed from their primary state. In modern mammal bone, the

crystallite constituents of bone apatite vary in size from 10 to 400 nm in length and width and 1 to

7-5 nm in thickness (Fitton Jackson and Randall 1956; Engstrom 1960; Cameron 1972). Variation

in crystallite size occurs between different species (Osmund and Sawin 1959; Tannenbaum and
Termine 1965), between different bones in the same animal and in different regions of the same bone
(Robinson and Cameron 1964), and within living bone with age and/or fluorine uptake (Zipkin et

al. 1962; Robinson and Cameron 1964; Eanes 1965; Posner et al. 1965; Tannenbaum and Termine
1965; Simpson 1966). Scanning electron microscopy (SEM) analyses of modern mammal bone
show that the crystallites are rod-, needle- or tablet-shaped (Neuman and Neuman 1958; Robinson
and Cameron 1964; Cameron 1972) and are aligned more or less parallel to collagen fibrils (e.g.

Fernandez-Moran and Engstrom 1957; Eanes 1965). The extremely small size of bone apatite

crystallites gives them large surface areas of 100-200 nr/g (Engstrom 1972).

Few studies have looked at the comparative physical ultrastructure of fossil bones, but Jaffe and
Sherwood (1951), Osmund and Sawin (1959), Brophy and Hatch (1962), Wyckoff et al. (1963),
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Lozinski (1973), and Tuross et al. (1989) used X-ray diffraction and/or powder X-ray photography

to document changes in the sizes of apatite crystallites and unit cell parameters in fossil bone. Taken
together, their results are contradictory and do not establish a model for change in bone apatite with

time. Wyckoff et al. ( 1963), Wyckoff and Doberenz (1965), Wyckoff (1972), Tuross et al. (1980), and
Wyckoff (1980) recorded good preservation of both organic and inorganic bone matrix in fossils

using SEMand microradiographic images.

Surprisingly, transmission electron microscopy (TEM) has rarely been employed in studies of

fossil ultrastructure, despite its wide use in biological ultrastructure and materials microstructure

research. TEM allows simultaneous high magnification observation and high spatial resolution

chemical analyses, which is advantageous over the more common scanning electron microscopy.

Most of the studies which do include TEM analysis of fossils, look at histology and organic

structure (ultrastructure), rather than inorganic mineral structure (e.g. Shackleford and Wyckoff
1964; Doberenz and Wyckoff 1967; Pawlicki 1978; Towe 1980), with the exception of Wyckoff
(1972).

We originally examined inorganic structure (microstructure), and composition of a well-

preserved fragment of the ischium from the Jurassic of the dinosaur Seismosaurus of New Mexico,

using TEM in order to determine the presence and/or extent of recrystallization within the bone,

and thus determine its degree of originality. Seismosaurus is a large sauropod dinosaur recently

described by Gillette (1991). It belongs to the Diplodocidae and is known from the partial skeleton

of one individual recovered from the Brushy Basin Member of the Morrison Formation (Schwartz

and Manley 1992). The unexpected and unusual ultrastructure of Seismosaurus bone led us to a

comparative examination of three other samples: a limb bone fragment from the Cretaceous

theropod dinosaur, (probably Albertosaurus) (from Alberta, Canada); a limb fragment from a Late

Pleistocene mammoth(from central Utah); and a scute from a recent crocodile (from Kenya) (Table

1). The theropod and crocodile specimens were collected and identified by the second author; the

table 1 . List of one specimens analysed by TEM for this study.

Specimen taxon Skeletal part Age

Crocodile Scute Recent

Mammoth Limb fragment Late Pleistocene

Albertosaurus dinosaur Limb fragment Cretaceous (c. 100 Ma)
Seismosaurus dinosaur Ischium Jurassic (154 + 2-4 Ma - Woldegabriel

and Hagan, work in preparation)

mammoth bone was collected and identified by D. D. Gillette. These specimens were chosen in

order to test whether the Seismosaurus ultrastructure is a general characteristic of long-term bone

diagenesis or a more specific characteristic of either reptile bone or the bone of large land-living

animals.

EXPERIMENTALPROCEDURE
Minerals such as apatite are fragile when extremely thin, and therefore, care must be taken in the

preparation process to limit the amount of specimen handling. Several preparation methods were

used to produce good quality TEMspecimens; to produce a TEMspecimen which is of any use,

the thickness of the specimen in the observation area cannot exceed several hundred nanometers.

The first method involved the use of mortar and pestal to grind the bulk pieces into a fine powder
which was then ultrasonically dispersed in hexane. A TEMgrid coated with carbon was then dipped

into the dispersion, dried, and examined in the microscope. Small pieces of bone were commonly
found lying on the carbon film. These bone fragments were typically electron transparent, allowing
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text-fig. 1 . TEM images of representative bone apatite structure, a, Seismosaurus ; b, theropod dinosaur;

c, mammoth; d, crocodile. Note collagen fibrils in the younger bones.

both chemical and crystallographic information to be obtained, as well as direct microstructural

examination.

The second method of specimen preparation preserved the natural structure of the fossilized bone
and surrounding minerals by not requiring complete grinding of the bulk sample. Here the bulk

sample was cut into slices which were thinned by grinding on SiC paper to a thickness of

approximately 100 /mi. These thin slices were then core-drilled using an ultrasonic drill with a 3 mm
diameter bit. Careful handling became critical at this point, requiring vacuum tweezers to be used

at all times.

Once the specimens were thinned and core-drilled, they were placed in an instrument which

produced (by grinding using diamond paste) a small indent (dimple) in the specimen with a
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thickness of approximately 10 //m. The specimen was then ion-thinned at liquid nitrogen

temperatures using argon gas at 6 kV and a 15° grazing angle until a small perforation appeared.

Thinning at low temperatures helped reduce chemical migration, microstructural modifications, and
knock-on damage caused by the high energy bombarding argon atoms. The dimple provided a

prethinned region of the disk to minimize ion thinning time and to improve the resulting electron

transparent area for TEMobservation.

Examination of the specimens was performed using a JEOL 2000EX Scanning Transmission

Electron Microscope equipped with a Tracor Northern Energy Dispersive Spectrometry (EDS)
system. A liquid nitrogen cold stage was used to minimize electron beam damage and contamination

during observation and chemical analysis.

Prepared specimens are currently stored in the Materials Division, Materials Research and
Processing Science Group of Los Alamos National Laboratory, USA.

RESULTSANDDISCUSSION

Ultrastructure

TEMobservation of the various bones show several distinct differences, including a variation in

crystal structure between the younger and older bones, a difference in crystallite size between bones

as well as within some bones, and the presence or absence of collagen fibrils. Chemical variations

also existed between the bones depending on the specific intruding ionic species found in the

surrounding sediment. Text-figure 1a-d shows the typical ultrastructures observed in the

Seismosaurus , theropod dinosaur, mammoth, and crocodile, respectively. The mammoth and
crocodile bones show a dense arrangement of more-or-less uniform apatite crystallites oriented

parallel to a network of collagen fibrils. These crystallites are more obvious in the mammothbone,

possibly due to initial disintegration of the organic matter in the fossil.

In contrast, the Seismosaurus and theropod dinosaur bones show no remaining traces of collagen

and include two different types of crystallites differentiated by crystal size and shape. The majority

of the bone is composed of fine, oblong-shaped crystallites ranging in size from 20-30 nmwide and

up to 150 nm long. Other areas contain larger crystallites which are blocky plate-shaped, and range

from 50-400 nm in width and length.

X-ray and electron diffraction

The bimodality of crystallite sizes in the dinosaur bones is easily recognized through direct

observation, such as TEMor SEM imaging. X-ray diffraction (XRD) is also commonly used to

measure indirectly bone crystal size, however XRDaverages overall crystal size and thus cannot

recognize discrete size groups easily.

X-ray diffraction of the four fossil bones studied in this investigation shows that the older bones

(Seismosaurus and theropod dinosaur) are composed of fluorapatite, while the younger mammoth
and crocodile bones are composed of hydroxyapatite.

Text-figure 2a-d shows electron diffraction patterns from fine crystalline regions (shown in Text-

fig. 1), for Seismosaurus , the theropod dinosaur, mammoth, and crocodile, respectively. Analysis of

the Seismosaurus and theropod diffraction patterns match what would be expected for a calcium

fluoride phosphate and francolite mixture. The ratio of minerals is unknown. Electron microprobe

analysis of Seismosaurus bone (Schwartz and Snow, work in preparation) indicates that it contains

as much as 3 9 weight per cent fluorine. The patterns from the mammoth and crocodile give a

reasonable fit to hydroxyapatite, as might be expected. These mineralogies are consistent with

the common assumption that all fossil bone was formed originally of dahllite (carbonate

hydroxyapatite), changing to francolite (carbonate fluorapatite) with time.

Diffuseness of the rings in the electron diffraction patterns from the younger bones may be due

to the presence of a large proportion of organic material and/or to the presence of extremely fine

crystallite sizes. A range of crystallite sizes is present in any one bone (Robinson and Cameron
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text-fig. 2. Electron diffraction patterns taken from large clusters of apatite crystals, a, Seismosaurus ;

b, theropod dinosaur; c, mammoth; and d, crocodile bones. Partial diffraction rings indicate some degree

of preferred orientation in all the fossil bones examined.

1964); the absence of the finer fraction of crystallites in fossils or sub-fossils, due to dissolution or

washing out with the breakdown of organic matter (Tuross et at. 1989), would not be surprising.

Text-figure 3a illustrates a possible crystallographic shape of the hexagonal crystals (Cuisinier et

al. 1987). Close examination of the crystallites present in the younger bones shows that they are

oriented with their long axes parallel to the long direction of the collagen fibrils. Diffraction pattern

analysis (Eddington 1976) suggests the (0001) basal planes of the hexagonal structure lie

perpendicular to the length of the fibril. This is illustrated in Text-figure 3b-c, where the (0002)

planes produce partial diffraction rings. Full diffraction rings indicate a random orientation. Each
ring or partial ring represents a specific plane normal in the crystal structure (these are represented



498 PALAEONTOLOGY,VOLUME37

a

Variable Orientation of Apatite Crystals

( 0002
)

Simulated

Electron Diffraction Pattern

C

text-fig. 3. a. Schematic representation of one possible form of the hexagonal apatite crystals; both rod and

plate shapes exist, b, schematic of apatite crystals lying parallel to collagen fibrils ; basal planes (0001) lie

perpendicular to the long axes of the crystals and collagen fibrils, c, diagram illustrating the effect of preferred

orientation of apatite crystallites on the resulting electron diffraction pattern; partial diffraction rings occur

with an angular relationship equal to the angular orientation range of the apatite crystals; (0002) planes are

used because (0001) planes are symmetry extinct in the true diffraction pattern.

( 0002 )

as peaks in XRD). The partial diffraction ring is produced with an arc (over the angle 6) which

follows the orientation of the crystallites as they emulate the natural curvature of the collagen fibrils.

This preferred orientation is also found in the older bones, indicating there may have been a similar

preferred orientation apatite growth behaviour.

Nucleation and growth of apatite crystals

The presence of a bimodal size distribution of crystallites in the older fossils (Text-fig. 4) as

compared to more recent bones shows that this peculiar ultrastructure is not a general characteristic

of either reptiles or large land-living animals, and questions the similarity of bone growth in

dinosaurs versus present-day animals. It is possible that dinosaur bones had unique ultrastructural

features, but it seems unlikely given the relatively conservative nature of bone and skeletal

evolution. A more probable scenario is that the original dinosaur ultrastructure has been modified

by diagenetic processes during the millenia these bones have existed.

Electron diffraction pattern analysis (Text-fig. 2) and chemical analysis (Text-fig. 5) confirm the

presence of fluorapatite crystals approximately 20 nrn in length in Seismosaurus bone. Larger

apatite crystals are also present. The larger crystallites tend to be clustered near cracks and pore

spaces within the bones (Text-fig. 6). This arrangement, along with their conspicuously greater size

and euhedral appearance, suggests that the larger crystallites grew under a different set of conditions
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text-fig. 4. a, TEMmicrograph of a region of fine apatite crystallites and a large apatite crystal exhibiting

hexagonal shape (, Seismosaurus bone), b, electron diffraction pattern of a showing the polycrystalline pattern,

as well as the single crystal pattern as viewed along the c-axis, [0001]
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text-fig. 5. Energy Dispersive Spectrometry (EDS) X-ray spectra taken in a, polycrystalline and b, single

crystal regions found in Text-figure 4. Note copper peaks are created by the copper grid used to support the

apatite crystals. Both spectra exhibit the presence of phosphorus and calcium in the crystallites in the ratio

expected for apatite, (hydrogen, carbon, oxygen and fluorine are not detectable with our EDS system).

(and thus at a different time) than the smaller crystallites. It appears that they were produced by

crystallization of fluorapatite from saturated liquid solution, where an aqueous medium has

intruded into the bone structure. The ionic species necessary for apatite crystallization could have

come either from previous dissolution of a quantity of bone mineral or from the breakdown of

organic material in the bone. Both hydroxyapatite and fluorapatite are relatively insoluble (Posner

et al. 1963), but have a range of reactivities depending on pH, temperature, and composition of the

solution (Chien and Black 1975). Bone apatite solubility could also be enhanced by the large surface

areas of the crystallites, the high surface reactivities of the crystallites (Posner and Betts 1975), and
time.
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text-fig. 6. Naturally porous regions of bones showing enhanced apatite crystal growth, a, Seismosaurus

.

b, theropod dinosaur.

Non-equilibrium conditions occurring in these bones at some time during their burial may have

prompted a nucleation and growth of new fluorapatite crystals. This growth therefore resulted in

larger crystals, unrelated in size to the biologically produced apatite crystals found in natural living

bone. The lack of preferred orientation in the larger crystallites in Seismosaurus and theropod bone
implies a non-epitaxial nucleation.

Previous workers have noted larger-than-normal apatite crystallites in fossil bones. Using

microscopic examination, Lozinski (1973) found transparent crystals of secondary fluorapatite with

a tabular habit in the haversian canals of Cretaceous dinosaur ribs. Paine (1937) petrographically

identified columnar dahllite in minute cracks in a Cretaceous shark tooth.

Large, platey apatite crystallites, similar to those in our dinosaur specimens, have also been

grown experimentally. Koutsoukous and Nancollas (1981) grew two different forms of

hydroxyapatite crystallites at 37 °C. Most of the crystallites were needle-like, but at higher pH
(7-4— 8-5) with a large extent of crystal growth and in the presence of chloride, larger, plate-like

crystallites formed. We believe that conditions analogous to those which produced plate-like

crystals in the laboratory existed in the burial environment of the Seismosaurus bones (the

depositional setting of the theropod remains is not known). Woldegabriel and Hagan (in

preparation) showed, based on mineral assemblages, that the pH of the ancient groundwater at the

site was at least 9-5. There is also evidence that fluoride (similar in size, charge and bone affinity to

chloride) was abundant in that groundwater, which is confirmed by its present abundance in

Seismosaurus bone. Finally, it is thought that the strata and fossils in the Seismosaurus region were

subjected to burial temperatures of < 60 °C (Woldegabriel and Hagan 1990, in preparation).

CONCLUSIONS

Comparing fossil to modern bone inorganic microstructure yields unique information relating to

diagenesis and palaeobiology. TEM has allowed direct visual examination of the ultra- and
microstructures of Seismosaurus , theropod dinosaur, and mammoth bones as well as modern
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crocodile bone. Electron diffraction and EDStechniques were used to study the crystallography and

chemistry of the apatite crystallites (francolite plus calcium fluoride phosphate). The younger

mammoth and crocodile bones are composed of fine-grained hydroxyapatite crystals dispersed in

a collagen fibril matrix. In all cases the apatite crystals had a local preferred orientation with the

hexagonal basal planes (0001) nearly aligned, and lying perpendicular to the long axes of the

collagen fibrils (when present for comparison).

The dinosaur bones are also composed largely of fine-grained hydroxyapatite crystallites, from

which the finest fraction has been removed during burial and/or decomposition of the constituent

organic matter within the bone. The smaller remaining crystallites are similar in size and orientation

to modern bone crystallites and can be considered original. However, TEMimaging also reveals the

presence of larger-sized apatite crystals, near canals and pores, in the dinosaur bones. Their

random orientation and euhedral shape suggest that they are diagenetic, and formed as a result of

a nucleation and growth process rather than from continued growth of existing crystallites. There

is no evidence that the larger crystallites grew at the expense of the original bone material. Thus,

the original microstructure of the Seismosaurus and theropod bones is essentially intact, only

somewhat modified by the loss of the smallest fraction of crystallites and by the addition of

diagenetic minerals, including apatite, to pore spaces.

Further work is necessary to confirm the process of formation of the larger apatite crystallites,

to identify their distribution in other types and ages of fossil bone, and to determine what
contaminating effects the presence of diagenetic apatite may have on other fossil bone analyses such

as uranium and fluorine dating.
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